Recent clinical and research development supports the use of 5-fluorouracil in combination with oxaliplatin for the treatment of patients with advanced colorectal cancer (CRC). 5-Fluorouracil (5-FU), which is as an anti-metabolite, is a widely used cytostatic drug. Although the rate of response, quality of life and overall survival differs between CRC patients, the above combination remains a widely used chemotherapeutic regimen. In some cases, a cancer stem cell (CSC) population may resist the majority of chemotherapeutic models. This study investigated if monotherapy is more efficacious than 5-fluorouracil and oxaliplatin combined for the treatment of CRC, using a CRC cell line and a CSC-like line. Cell viability was evaluated by cellular-based assays, and quantitative polymerase chain reaction (q-PCR) assays were performed to assess the expression of specific genes (TYMS, DNMT1, NANOG, DHFR, SHMT1, ERCC1, DPYD) correlated with 5-FU and oxaliplatin resistance. We observed that 5-fluorouracil was more effective in both CRC and CSCs. This find-ing proved the hypothesis that, in some cases, monotherapy may be more successful in CRC treatment than a drug combination that may be cytotoxic and inflict adverse side effects.
Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed cancer in worldwide. The lifetime risk of developing CRC is approximately 5%, depending on the individual and other risk factors, and 5-year survival for advanced stage CRC is only 12% [1] . The management of CRC focuses on curative or palliative treatment. The first can be achieved by surgery, chemotherapy or radiation, while the second is applicable in incurable CRC [2] [3] . Among the available chemotherapy drugs, 5-fluorouracil (5-FU) has been the mainstay treatment. However, new small molecule drugs have been recently developed, including irinotecan, oxaliplatin, oral fluoropyrimidines and raltitrexed [4] . One established chemotherapy regimen for the treatment of CRC is FOLFOX, which consists of a combination of leucovorin (FOL), 5-FU (F) and oxaliplatin (OX). According to experimental data, there is controversy concerning whether monotherapy or combination therapy is better [5] [6] . Although chemotherapy kills most cells within a tumor, it has been experimentally demonstrated that is ineffective in cancer stem cells (CSCs), which exhibit resistance to chemotherapy [7] . Several factors have been found to be correlated with the resistance of CSCs to chemotherapy and radiotherapy. According to a study, the Wnt signaling pathway is implicated in stem cell survival [8] . In glioblastoma, it has been demonstrated that the CD133 cells display strong capability on tumor's resistance to chemotherapy and this resistance is probably due to high expression of BCRP1 and MGMT, as well as anti-apoptosis protein and inhibitors [9] . Another study, aimed that ABC transporters are implicated in drug resistance of CSCs, through the expression of multifunctional efflux trnasportes from the ABC gene family [10] .
The present study aimed to investigate the effect of 5-FU and oxaliplatin in CRC and colon CSCs lines when the abovementioned drugs are used in combination or as monotherapy.
Materials and Methods

Cell Lines and Culture Conditions
A human (parental) colon CSC line (36112-39P) was obtained from Celprogen Inc. (San Pedro, USA). Cells were cultured in 25 cm 2 flasks in Human (Parental) Colon Cancer Stem Cell Culture Serum-Free Media (M36112-39P; Celprogen). HCT-116 colon adenocarcinoma cells were obtained from the European Collection of Cell Cultures (ECACC, UK). Cells were cultured in the indicated culture medium with the appropriate amount of heat-inactivated fetal bovine serum (FBS; S0615; Biochrom, UK) and 2 mM L-glutamine (G7513, Sigma, Germany), and were incubated in a humidified incubator at 37˚C with 95% O 2 and 5% CO 2 . Media and supplement changes were performed when 90% confluence was obtained. The cells were obtained by trypsinization with 0.25% trypsin-EDTA (25200-072; Invitrogen, California, USA) during the exponential phase of cell proliferation. All experiments were performed after the cultures reached 80% -90% confluence.
Anticancer Agents
5-FU (F6627) was obtained from Sigma Aldrich (St. Louis, MO, USA) and reconstituted in ammonium hydroxide (ΝΗ 4 ΟΗ) to a final concentration of 50 μM and stored at 4˚C until required. The same procedure was followed for oxaliplatin (O9512; Sigma Aldrich), which was reconstituted in distilled water to a final concentration of 1.12 μM.
Cell Treatment and Exposure Time
The drug concentrations used in most of the combination studies were based on the IC 50 values, which are characterized as the drug concentration responsible for 50% growth inhibition. In this study, the concentrations of drugs used were, as much as possible, relevant to those used in clinical practice. To determine the cytotoxicity of each agent separately, as well as in combination, each cell line was plated in a 24-well plate format and incubated for 24 h at 37˚C. During the exponential growth phase, cells were treated with 50 μM 5-FU and 1.12 μM oxaliplatin for 72 h, 144 h, 192 h and 240 h. The protocol included a cell population treated with 5-FU alone, a second population treated with oxaliplatin alone, and a third population treated with FOLFOX. Untreated cells were used as controls. At the end of each incubation period, cytotoxicity was evaluated using three viability/colorimetric assays as well as flow cytometric analysis. The cell number was also determined using the NucleoCounter NC-100 instrument (ChemoMetec A/S, Denmark). Finally, the expression of specific genes was measured.
Viability/Colorimetric Assays
Methyltetrazolium (MTT), sulforhodamine B (SRB) and crystal violet (CV) colorimetric cytotoxicity assays were used to measure enzymatic activity and quantify the population of living cells using indirect parameters. Cytotoxicity was measured when cells (18.000 cells/well) were seeded into 96-well cell plates in 200 μl culture medium for 24 h prior to drug exposure. Cells were then treated with 5-FU, oxaliplatin, and their combination. After drug exposure, 20 μl of MTT (5 mg/ml) (M2128; Sigma) was added to each well and cells were incubated for 3 h at 37˚C. The supernatant was aspirated and the cells were washed with phosphate buffered saline (PBS; P3813; Sigma Aldrich). Next, 100 μl dimethyl sulfoxide (DMSO) (472301; Sigma) was added and homogenization of the sample was achieved by gently pipetting up and down. At the end of the procedure the optical density (O.D) was measured at 570 nm. An additional wavelength at 630nm was used to remove noise from the external conditions affecting the measurement [11] - [17] . During SRB assays, plated cells were fixed by layering 50 μl of 10% trichloroacetic acid (TCA; 91228; Fluka) and incubated at 4˚C for 1 h. Cells were stained by the addition of 100 μl/well 0.4% SRB (341738; Sigma Aldrich). The unbound stain was removed by washing twice with 1% acetic acid. To release the bound dye, 200 μl of 10 mM Tris buffer pH 10.5 (T6791; Sigma Aldrich) was added and absorbance was measured at 570 nm and 690 nm [18] - [21] . Finally, for CV assays, the medium was aspirated and cells were fixed by adding 100 μl of 10% formalin (1.0400 3.2500; Merck) for 20 min at room temperature. At the end of the fixation procedure, cells were stained by adding 100 μl of 0.25% aqueous crystal violet (HT901; Sigma Aldrich) for 10 min at room temperature. The last step included washing of the plate with distilled water, the homogenization of cells by using 33% glacial acetic acid (401422, Carlo Erba) and measurement of the optical density of living cells at 570 nm and 690 nm [22] - [24] .
qRT-PCR
Total RNA was extracted from treated and untreated cells using the RNeasy mini kit (74105; QIAGEN). RNA samples were evaluated spectrophotometrically and on agarose gels by checking the 18S-28S bands. Then 1 μg RNA was used as the template for cDNA synthesis using an iScript cDNA synthesis kit (1708891; Bio-Rad). The above strand was used as template for the quantitative real-time (qRT)-PCR reaction (50 ng/reaction), which was performed using iTaq Universal SYBR Green Supermix (1725124; Bio-Rad). Specific primers for each marker and for the endogenous control gene (18S rRNA) were designed with Genamics Expression 1.1 software (Genamics, Hamilton, New Zealand). The sequence of primers was run on BLAST to exclude those that amplified undesired genes ( Table 1) . The PCR reaction program was as follows: initial denaturation at Table 1 . Primer pairs that were used in qPCR. 95˚C, 50 cycles of denaturation at 95˚C for 10 sec, followed by annealing at 59˚C for 30 sec. A final extension step was performed at 72˚C for 10 min followed by melting curve analysis. Data were analyzed according to the Livak method [25] .
Cell Number Quantification
To determine the number of viable cells after exposure to the drugs, the Nucleo Counter NC-100 image cytometer was used. This technology is based on detection of fluorescence from DNA-bound fluorescent dye, propidium iodide (PI). The Nucleo Cassette that is compatible with the NC-100 can count even the most aggregated mammalian cells.
Statistical Analysis
All experiments were performed in triplicate for all assays and each cell line. The statistical significance of the effect of the selected compound was evaluated by the "difference of the means" test. A P value < 0.05 was considered statistically significant.
Results
Cell Lines and Culture Conditions
HCT116 cultures treated with 5-FU exhibited similar confluence with those treated with FOLFOX after 72 h, 144 h and 192 h of drug incubation. Their confluence levels were compared with their respective untreated control cells, which had almost the same proliferation levels as oxaliplatin-treated cells. Growth inhibition was more evident in 5-FU-treated cells after 240 h of treatment (Figure 1) . Similar results were observed in colon CSCs, but the effect of FOLFOX seemed to be slightly higher than the other two monotherapies after 144 h, while growth inhibition was much higher in 5-FU-treated cells either after 192 h or 240 h of incubation (Figure 2 ).
Viability/Colorimetric Assays
To elucidate the time-dependent effects of 5-FU, oxaliplatin and FOLFOX on colon CSC viability, we first assessed treatment efficacy at 72 h. Oxaliplatin inhibited cell proliferation at a higher level, as measured by MTT 
qRT-PCR
qPCR data differed for HCT-116 cells and colon CSCs, both by time and chemotherapeutic agents used. The optimum data were observed at 240 h of incubation. In colon CSCs, larger reductions in gene expression levels were observed at 240 h treatment when 5-FU was used as monotherapy. The use of oxaliplatin as a single agent affected gene expression to a lesser extent, while the combination was also sufficient but not as effective as 5-FU ( Figure 5) . In HCT-116 cells, the results were similar after incubation with 5-FU and 5-FU and oxaliplatin combined. Here, monotherapy with oxaliplatin was not satisfactory. Remarkable data were also obtained after 144 h of treatment of HCT-116 cells. During this time period, the separate administration of 5-FU and oxaliplatin led to a decrease in expression of up to 2-fold in the majority of genes, in comparison with their combination ( Figure 6) ; the highest reduction was observed in thymidylate synthase (TYMS) following monotherapy with oxaliplatin for 144 h, while that in dihydrofolate reductase (DHFR) occurred following 240 h of treatment with either 5-FU alone or in combination with oxaliplatin. DNA (cytosine-5)-methyltransferase 1 (DNMT1) expression was decreased by 1.33-fold by 5-FU, 1.24-fold by oxaliplatin and 1.04-fold by their combination, while the greatest reduction in serine hydroxymethyltransferase (SHMT1) expression was observed after 240 h of treatment with the drug combination. However, DNA excision repair protein (ERCC1) expression was decreased at 192 h by the drug combination. Finally, dihydropyrimidine dehygrogenase (DPYD) expression was reduced by 1.91-fold at 144 h of incubation with 5-FU. DPYD was not expressed in colon CSCs. Regarding TYMS and DHFR, the optimum data were observed at 240 h for 5-FU (2.75-fold and 3.61-fold reduction, respectively). For DNMT1, SHMT1, and ERCC1, a greater reduction was noted after 192 h of incubation with oxaliplatin (4.17-fold, 4.08-fold and 3.67-fold, respectively). The administration of 5-FU after 240 h also had a remarkable effect but at lower levels. Nanog homeobox protein (NANOG) gene expression was decreased by 3.26-fold after 192 h of monotherapy with oxaliplatin in colon CSCs. Moreover, the single use of 5-FU led to a 2.35-fold decrease, while the combination treatment did not demonstrate significant results.
Cell Number
The number of viable cells was measured using a Nucleo Counter NC-100 image cytometer after administration of the drugs. The data were time-dependent for each cell line. After 72 h of incubation, the maximum number of dead cells was higher for the combination of oxaliplatin and 5-FU in both cell lines. 5-FU as monotherapy and FOLFOX gave much better results than oxaliplatin alone at 144 h treatment. The same results were observed in HCT-116 cells after 192 h of incubation. However, in colon CSCs, administration of 5-FU alone led to a significant decrease in viable cells. Oxaliplatin monotherapy after ten days dramatically reduced the number of viable cells in colon CSCs, while in HCT-116 cells, single administration either of 5-FU or oxaliplatin affected the cell population more significantly (Figure 7 ).
Discussion
There has been great progress in the development of CRC treatment; however, a high percentage of patients relapse after treatment, indicating that improved treatments are still required. Drug resistance is the biggest issue in increasing the efficacy of chemotherapy. Based on the CSC hypothesis, which suggests that rare populations of tumor-initiating cells, among others, may lead to resistance to therapy, the present study investigated the effect of 5-FU and oxaliplatin chemotherapeutic drugs administered in combination or as monotherapy in such cells. 5-FU is a pyrimidine analog that inhibits thymidylate synthase. 5-FU causes cell cycle arrest in the post-G1/ pre-S phase and induces apoptosis by inhibiting DNA synthesis and by interacting directly or indirectly with several enzymes [26] . 5-FU enters the cell by a facilitated nucleobase transporter and is converted to its main active metabolites (FdUMP, FdUTP, and FUTP) by a complex metabolic pathway. It is thought to be cytotoxic to tumor cells via three potential mechanisms: inhibition of thymidylate synthase by FdUMP; incorporation of FdUTP into DNA; and incorporation of FUTP into RNA [27] . In the present study, genes encoding enzymes involved in these reactions included TYMS, SHMT1, DNMT1, DPYD and DHFR. TYMS catalyzes the methylation of deoxyuridylate to deoxythymidine, while DPYD is responsible for the degradation of uracil and thymine. SHMT1 plays an important role in nucleic acid biosynthesis, and DHFR reduces dihydrofolic acid to tetrahydrofolic acid. Tetrahydrofolate and its derivatives are essential for purine and thymidylate synthesis [28] - [31] . Previous studies in CRC demonstrated that the response to 5-FU varies in CRC cell lines [32] . In this study, it is remarkable that DPYD is not expressed in CSCs but only in HCT-116 cells. However, the gene expression disappaers after 192 or 240 h of incubation. This is also supported by a previous study, which demonstrated that colorectal tumors responding to 5-FU have low gene expression levels of dihydropyrimidine dehydrogenase [33] . The absence of DPYD in CRC stem cells could explain the effect of 5-FU; however it does not explain why monotherapy seems to be better than combination therapy. The effect of oxaliplatin was tested by studying the expression of ERCC1, a gene that encodes a DNA excision repair protein. According to a previous study, high expression of ERCC1 is correlated with resistance to platinum chemotherapy, as platinum compounds form crosslinks in DNA that inhibit DNA synthesis [34] . Previous studies have suggested FOLFOX in combination with other regimens such as curcumin to treat CRC cells [35] [36] .
The present work is an in vitro pharmacodynamic study that attempted to compare the effect of 5-FU and oxaliplatin or their combination in HCT116 CRC cells and a colon CSC line. Data were generated by treating the two different populations with the two drugs separately or in combination over a time window of 10 days (240 h). Despite the fact that these two cell population had totally different hallmarks, the results from the viability assays showed that the cell responses were almost comparable. According to the gene expression data, single use of 5-FU seemed to be more effective than in combination with oxaliplatin for both cell lines. However, there were differences in the response time: in CSCs, better results appeared after 192 h and 240 h treatment, while in HCT-116, 5-FU was more effective at 144 h. These observations may explain the resistance of CSCs over short incubation times, in contrary to HCT-116, where there was greater inhibition at shorter times. Specifically, in CSCs there was an increase in gene expression at shorter incubation times, which then decreased. Concerning each specific gene, no linearity was evident among them even though they are involved in similar pathways. However, in viability assays the percentage of dead cells increased in correlation with the incubation time.
In conclusion, the present study demonstrated that single use of 5-FU might have a better effect on CRC and colon CSCs compared with oxaliplatin or their combination. The viability of cells was decreased in both cell lines, while the gene expression pattern differed in CSCs. Moreover, gene expression profile should be studied for at least 10 days to ensure reliable results. In summary, this is the first report that monotherapy may be more effective; however, further larger studies are required.
